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A critical role for p63 in the development of stratiﬁed epithelia, such as the epidermis, has been recognized since
the generation of mice lacking p63 expression. The molecular role of p63 in epidermal morphogenesis, however,
remained controversial. The epidermal phenotype of p63/ mice, which are born with a single-layered surface
epithelium instead of a fully stratiﬁed epidermis, suggested that p63 could have a role in stem cell maintenance or
in the commitment to stratiﬁcation. In this review, we discuss evidence suggesting that p63 is required for the
commitment to stratiﬁcation, making p63 the earliest known gene expressed in the developing epidermis that is
specific for the keratinocyte lineage.
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The skin is the first barrier that protects the body from haz-
ardous substances such as chemical, infectious, and
mechanical stressors. Mammalian skin has two major com-
partments, the dermis and the epidermis, which are sep-
arated by a basement membrane. The epidermis is the
outermost component of the skin and consists of four dis-
tinct cell layers: the basal layer, the spinous layer, the gran-
ular layer, and the stratum corneum. The epidermis, like
other stratified epithelia, has a self-renewing capacity
throughout life, and this continuous turnover is mediated
by stem cells in the basal layer of the interfollicular epider-
mis (Watt, 2002) and in the bulge region of the hair follicle
(Cotsarelis et al, 1990). Epidermal stem cells give rise to
daughter stem cells and to transit amplifying cells, which
constitute the major cell type in the basal layer of the
developing and mature epidermis (Watt, 2002; Bickenbach
and Grinnell, 2004). After a few rounds of cell division, tran-
sit amplifying cells permanently exit from the cell cycle, and
initiate a terminal differentiation program. Further epidermal
maturation occurs when spinous cells differentiate into
granular cells and finally, cornified cell envelopes are as-
sembled by cross-linking of structural proteins and lipids
(Rice and Green, 1977).
The process of keratinocyte differentiation in mature ep-
idermis mimics the initial development and maturation of
keratinocytes during embryogenesis. Epidermal keratin-
ocytes derive from the single-layered surface ectoderm
and develop when the underlying mesenchyme releases an
inductive signal (Dhouailly et al, 1998). Although the nature
of this signal is not known, studies performed in non-mam-
malian vertebrates suggest that BMP and/or Wnt signaling
are involved in this process (Hawley et al, 1995; Wilson and
Hemmati-Brivanlou, 1995; Suzuki et al, 1997a, b; Nikaido
et al, 1999; Wilson et al, 2001; Bakkers et al, 2002; Luo et al,
2002). The induced surface epithelium, which has commit-
ted to stratification, constitutes the future basal layer of the
epidermis. Like the basal layer of the mature epidermis,
keratinocytes in the embryonic basal layer will eventually
commit to terminal differentiation, allowing for epidermal
maturation to take place (Dai and Segre, 2004).
As summarized above, epidermal development and dif-
ferentiation are multi-step processes, which involve the
sequential action of many, mostly unidentified, molecules.
One gene that is essential for early stages of skin develop-
ment is the transcription factor p63 (Mills et al, 1999; Yang
et al, 1999; Koster et al, 2004). p63 and its homologues p53
and p73 make up the p53 gene family. All three proteins
exhibit high amino acid homology and share the three func-
tional domains commonly found in transcription factors: an
N-terminal transactivation domain, a central DNA binding
domain, and a C-terminal oligomerization domain (Yang
et al, 1998; Yang and McKeon, 2000; Saccone et al, 2002;
Yang et al, 2002). Unlike p53, p63 is transcribed into at least
six different isoforms (Yang et al, 1998). Alternative promot-
er usage gives rise to two different N-termini designated TA
and DN. TAp63 isoforms contain an N-terminal transactiva-
tion domain, whereas DNp63 isoforms lack this domain.
Due to the absence of the typical N-terminal transactivation
domain, DNp63 isoforms were initially believed to be tran-
scriptionally inactive (Yang et al, 1998). Consistent with this
initial prediction, we found that DNp63 isoforms have a
dominant-negative role towards TAp63 isoforms during ep-
idermal development (Koster et al, 2004). DNp63 isoforms,
however, are also able to induce target gene expression in
cell lines and in primary keratinocytes, suggesting that
DNp63 isoforms may perform multiple roles in the devel-
oping and mature epidermis (Dohn et al, 2001; King et al,
2003; Wu et al, 2003). In addition to the use of two different
promoters, the complexity of p63 transcripts is increased byAbbreviations: DES, diethylstilbesterol; SAM, sterile alpha motif
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alternative splicing at the C-terminus, which gives rise to
three different carboxyl termini, termed a, b, and g (Yang
et al, 1998). Only p63a isoforms, the longest p63 isoforms,
contain a sterile alpha motif (SAM) domain (Chi et al, 1999;
Thanos and Bowie, 1999). SAM domains are evolutionary
conserved and are commonly found in proteins controlling
developmental processes (Schultz et al, 1997). Although
SAM domains were known to be involved in protein-protein
interactions, in vitro studies demonstrated that SAM
domains can also bind to RNA or lipids (Aviv et al, 2003;
Barrera et al, 2003; Green et al, 2003). Molecules that
specifically interact with the p63 SAM domain, however, are
largely unknown. Another domain unique to p63a isoforms
is the post-SAM domain, which has been shown to function
as a transcriptional inhibitor domain (TID) (Ghioni et al, 2002;
Serber et al, 2002). Recent studies reported that the stability
as well as the transcriptional activity of p63a are regulated
by sumoylation of this domain by small ubiquitin modifier-1
(SUMO-1) (Huang et al, 2004; Ghioni et al, 2005). Surpris-
ingly, overexpression of SUMO-1 caused a decrease in
DNp63a but not in TAp63a protein levels. This apparent
difference in protein stability in response to sumoylation
may be caused by the interaction between the TAp63a
transactivation domain and the post-SAM TID, which may
mask the sumoylation site (Ghioni et al, 2005). Interestingly,
a subset of naturally occurring p63 mutations that underlie
human ectodermal dysplasias were found to affect sum-
oylation of TAp63a and/or DNp63a (Huang et al, 2004;
Ghioni et al, 2005). Although these data suggest that altered
sumoylation could be one of the molecular mechanisms
underlying these ectodermal dysplasias, other p63 muta-
tions found in ectodermal dysplasias are located away from
the sumoylation sites, and the resulting mutant p63 proteins
are therefore unlikely to be subject to altered sumoylation.
Structural studies, such as those described above, have
provided much insight into the proteins that p63 may inter-
act with and the genes that may be regulated by p63. These
studies, however, are unable to address fundamental ques-
tions about the role of p63 in epidermal and appendage
development. To understand the role of p63 in epidermal
morphogenesis, we took advantage of p63/ mice which
were generated independently by two different groups (Mills
et al, 1999; Yang et al, 1999). Both groups reported that
p63/ mice do not develop stratified epithelia, whereas
single-layered epithelia develop normally. Several follow-up
studies further confirmed that development of single-lay-
ered epithelia does not require p63 expression (Ince et al,
2002; Daniely et al, 2004; Kurita et al, 2004a, b). Taken to-
gether with the finding that p63 is expressed in stratified,
but not in single-layered epithelia (Yang et al, 1998), these
data suggest that p63 specifically functions during the de-
velopment of stratified epithelia, such as the epidermis. In
addition to the failure of p63/ mice to develop stratified
epithelia, p63/ mice generated by both groups did not
develop epithelial appendages, and displayed aborted limb
development (Mills et al, 1999; Yang et al, 1999). We re-
cently summarized the implications of these and other find-
ings for the role of p63 in the development of epithelial
appendages (Koster and Roop, 2004). Although the phe-
notype of p63/ mice reported by both groups was similar,
the interpretation of the phenotype differed dramatically
(Fig 1A–C). The group of Frank McKeon argued that p63 is
involved in the maintenance of epidermal stem cells (Yang
et al, 1999). In this model, p63 expression in epidermal stem
cells is required for the initial development and continued
regeneration of the epidermis (Fig 1A, left). If this model
were true, one would predict that in the absence of p63 the
surface epithelium could still undergo one round of strati-
fication. The epidermis, however, would fail to be main-
tained due to a premature depletion of epidermal stem cells
(Fig 1B, left). An alternative explanation for the p63/ phe-
notype, which we have proposed, is that p63 is required for
the commitment to stratification (Fig 1A, right). In this mod-
el, epidermal stratification never initiates, and the surface
epithelium remains single-layered throughout gestation (Fig
1B, right). Both a role for p63 in stem cell maintenance and
a role for p63 in commitment to stratification could provide
an explanation for the gross epidermal phenotype of p63/
mice. The properties of this single-layered epithelium, how-
ever, would differ depending on the role of p63 (Fig 1C).
Since epidermal development arrests prior to the commit-
ment to stratification in our model, this would imply that the
single-layered epithelium covering p63/ mice represents
the single-layered surface ectoderm. In contrast, in the
model proposed by Yang et al, epidermal development in
p63/ mice arrests after the commitment to stratification
has occurred. Although both before and after the commit-
ment to stratification, the surface epithelium is single-lay-
ered, the commitment to stratification can be detected by
analyzing the expression of genes that are specifically in-
duced or repressed when this transition occurs. The only
changes in gene expression that are known to be associ-
ated with the commitment to stratification are changes in
the expression of keratin genes. Like other single-layered
epithelia, the surface ectoderm expresses K8 and K18
(Jackson et al, 1981; Moll et al, 1982). When the commit-
ment to stratification occurs, K8 and K18 expression is
downregulated, concomitant with the induction of K5 and
K14 expression. K5 and K14 are only expressed in stratified
epithelia or epithelia that have committed to initiate a strat-
ification program, and are never expressed in single-layered
epithelia (Byrne et al, 1994). Other markers of stratified ep-
ithelia are not expressed until later during epidermal devel-
opment, when the spinous and granular layers develop.
Since a switch from K8/K18 expression to K5/K14 expres-
sion is a hallmark of epithelia that have committed to strat-
ification, this allowed us to determine at which stage skin
development arrests in p63/ mice by determining the
keratin gene expression profile of the single-layered surface
epithelium of p63/ mice. To determine the keratin ex-
pression profile of the single-layered surface epithelium of
p63/ mice, we first established a method for culturing
surface epithelial cells from p63/ embryos at 18.5 d of
gestation. Our initial observations that these p63/ cells
can be maintained in culture for over five passages ( 15
population doublings), argued against a role for p63 in stem
cell maintenance. To more specifically determine whether
p63/ cells arrest before or after the commitment to strat-
ification, we determined the keratin gene expression profile
of p63/ surface epithelial cells. Wild type keratinocytes,
when cultured under proliferating conditions, express the
basal markers K5 and K14, whereas they do not express K8
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or K18 (Fig 1D). Surface epithelial cells cultured from p63/
embryos, however, do not express K5 and K14. Instead
these cells express K18, which is normally expressed in the
single-layered uncommitted surface ectoderm (Fig 1D).
Therefore, these data demonstrate that without p63, sur-
face epithelial cells are intrinsically blocked in their com-
mitment to become a keratinocyte.
In addition to its role in initiating stratification in the ep-
idermis, p63 is required for development of other stratified
epithelia in which p63 function has been evaluated (Ince
et al, 2002; Daniely et al, 2004; Kurita et al, 2004a, b). Not
only do stratified epithelia fail to develop in the absence of
p63 expression, it was recently demonstrated that induction
of p63 expression in Mu¨llerian duct epithelia is required in
order for these epithelia to differentiate into a cervicovaginal
lineage (Kurita et al, 2004b). Taken together, these studies
suggest that the absence of stratified epithelia in p63/
mice is caused by a failure of the surface ectoderm to
commit to stratification, rather than due to a premature
depletion of epithelial stem cells.
Further support for a role for p63 in initiating epithelial
stratification came from the analysis of pre-neoplastic
squamous metaplastic lesions. In analogy with the devel-
opment of stratified epithelia during embryogenesis, squa-
mous metaplastic lesions develop as a result of a transition
from single-layered to stratified epithelia. Furthermore, like
in the developing epidermis, this transition is marked by the
induction of K5 and K14 expression (De Luca et al, 1985;
Puts et al, 1985; Leube and Rustad, 1991). An example of a
single-layered epithelium in which squamous metaplastic
lesions frequently develop is uterine epithelium. Uterine
squamous metaplasia is especially prevalent in women ex-
posed to the synthetic estrogen diethylstilbestrol (DES)
in utero (Herbst, 1981). In mice, uterine squamous meta-
plastic lesions can be induced by treating mice with DES
either in utero or postnatally (McLachlan et al, 1980;
Figure 1
p63 is required for the commitment
to stratification. Two hypotheses for the
role of p63 in epidermal development
were proposed based on the phenotype
of p63/ mice, which are born with a
single-layered surface epithelium instead
of a fully stratified epidermis. (Yang et al,
1999) argued that p63 is required for the
maintenance of epidermal stem cells (A,
left). In this model, one round of epidermal
stratification is predicted to occur, how-
ever, the epidermis would not be main-
tained due to a premature depletion of
epidermal stem cells (B, left). An alterna-
tive explanation for the epidermal pheno-
type of p63/ mice, first proposed by
(Mills et al, 1999) is that p63 is involved in
the commitment to stratification (A, right).
In this model, epidermal stratification nev-
er initiates, and the surface epithelium re-
mains single-layered throughout gestation
(B, right). In the model proposed by Yang
et al, the single-layered epithelium that
covers newborn p63/ mice represents
an epithelium that has committed to strat-
ification, and therefore, if this model is
correct, this epithelium would be expect-
ed to express K14 (C, left). If, on the other
hand, p63 is involved in the commitment
to stratification, the single-layered epithe-
lium covering p63/ mice would never
have committed to stratification. There-
fore, if this model is correct, one would
predict that this epithelium expresses
K18, but not K14 (C, right). To distin-
guish between these two hypotheses,
we determined the keratin expression
profile of p63/ surface epithelial cells.
As shown in panel D, differentiation mark-
ers K5 and K14 (red), are expressed in
wild-type, but not in p63/ primary sur-
face epithelial cells. Unlike wild-type ker-
atinocytes, p63/ surface epithelial cells
do however express K18 (green), a mark-
er for the uncommitted surface ectoderm.
Since primary p63/ surface epithelial
cells are blocked in their commitment to
become a keratinocyte, we conclude that
p63 is required for the commitment to
stratification. (Panel D; reprinted with per-
mission from Koster et al (2004).)
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Forsberg and Kalland, 1981; Iguchi and Takasugi, 1987). To
determine if p63 is involved in the development of uterine
squamous metaplastic lesions, female mice were treated
with DES on postnatal days 1–5, and the urogenital tracts of
these mice were removed at 8 mo of age. Interestingly, we
found that all squamous metaplastic lesions, identified by
K5 immunoreactivity, expressed p63 (Fig 2A, B). Similar re-
sults were also reported by Kurita et al (2004b), and p63
expression is also induced in squamous metaplastic lesions
of other origins (Massion et al, 2003). Taken together, these
data suggest that p63 is involved in the transition from a
single-layered to a stratified epithelium. Since these data
describe a correlation rather than a causative relationship,
final proof for a role for p63 in the commitment to stratifi-
cation, however, would be a demonstration that ectopic p63
expression in single-layered epithelia can initiate an epithe-
lial stratification program.
As described in more detail above, p63 is expressed in at
least six different isoforms, which may have different, in
some cases even opposite, functions. Therefore, in order to
be able to determine if ectopic p63 expression would initiate
epithelial stratification, we first determined which p63 iso-
forms are expressed when commitment to stratification oc-
curs. Interestingly, we found that at the time that the surface
ectoderm commits to initiate stratification, around E8.5,
only TAp63 isoforms are expressed. We have now per-
formed a more comprehensive analysis of p63 isoform ex-
pression at E8.5 using western blot analyses and whole
isoform RT-PCR. Interestingly, we found that at this stage of
development, both TAp63a and TAp63g are expressed at
the transcript and protein levels (unpublished observations).
To test whether TAp63 isoforms could be responsible for the
commitment to stratification, we initially performed in vitro
experiments. Since the commitment to stratification repre-
sents a transition from a K8/K18 expressing single-layered
epithelium to a K5/K14 expressing stratified epithelium, we
ectopically expressed p63 isoforms in cell lines derived
from single-layered epithelia and determined whether this
would induce K14 expression. We found that, unlike
DNp63a and DNp63g, both TAp63a and TAp63g could in-
duce K14 expression in these cells. More importantly, we
found that ectopic TAp63a expression could also induce
K14 expression in single-layered lung epithelia in vivo (Kos-
ter et al, 2004). Taken together, these data suggest that
rather than for stem cell maintenance, p63 is required for
the commitment to stratification during epidermal morpho-
genesis, and that the p63 isoforms involved in this process
are the TAp63 isoforms.
Although our data clearly demonstrate that p63 expres-
sion is necessary and sufficient for the commitment to strat-
ification during embryogenesis, some controversy remains
since Yang et al (1999) reported that the surface epithelium
of E17.5 p63/ embryos contains patches of cells that ex-
press markers of terminal differentiation. Although further
experimental evidence is still lacking, based on these ob-
servations, they argued that p63 is involved in stem cell
maintenance. It is difficult to reconcile the differences be-
tween the two p63/ mouse lines, but some differences
may be attributable to different genetic backgrounds and/or
different targeting strategies that were employed in gener-
ating the mice (Mills et al, 1999; Yang et al, 1999). Intriguingly,
these phenotypic differences may reflect multiple functions
of p63 and further highlight the complexity of the p63 gene.
Although the role of p63 during epidermal morphogen-
esis may still be a topic of debate, the role of p63 in mature
epidermis is far less controversial. In the mature epidermis,
p63 is mainly expressed in the proliferative basal layer (Yang
et al, 1998; Parsa et al, 1999). The p63 isoform expression
profile in mature epidermis, however, is different than
the p63 expression profile during embryogenesis. Although
TAp63 isoforms are the only isoforms expressed when
commitment to stratification occurs, in mature epidermis
DNp63 isoforms are the predominantly expressed p63 iso-
forms (Yang et al, 1998; Liefer et al, 2000). Since p63/
mice are neonatal lethal, these mice did not allow for a
further study of the role of p63 in mature epidermis. There-
fore, the study of the role of p63 in mature epidermis mainly
relies on in vitro studies. Evidence for a role for DNp63a in
regulating keratinocyte proliferation came from studies
demonstrating that DNp63a directly binds to and repress-
es the p21WAF1/Cip1 and 14–3–3s promoters in basal
keratinocytes (Westfall et al, 2003). The transcriptional re-
pression of these two genes may prevent the cells from
withdrawing from the cell cycle to initiate terminal differen-
tiation (Steinman et al, 1994; Missero et al, 1995; Dellambra
et al, 2000). Consistent with these data, it has been reported
that DNp63a can block calcium-induced differentiation of
primary keratinocytes (King et al, 2003). Taken together,
these data suggest that DNp63a expression maintains the
proliferative potential of basal keratinocytes and that
DNp63a must be downregulated for terminal differentiation
to take place.
In summary, data derived from mouse models as well as
from in vitro experiments have started to elucidate the role
of different p63 isoforms during epidermal morphogen-
esis. Although the complexity of the p63 gene makes it
Figure 2
Diethylstilbestrol (DES)-induced uterine
squamous metaplastic lesions express
p63. Uterine squamous metaplastic le-
sions were induced by treating female
mice with 2 mg DES on postnatal days 1–5.
Immunofluorescence analysis for K5 was
used to identify squamous metaplastic
lesions (B). We found that all uterine
squamous metaplastic lesions co-ex-
pressed p63 and K5 (A, B), further sug-
gesting a role for p63 in regulating the
commitment of epithelial cells to a strati-
fied squamous differentiation program.
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challenging to address the role of different p63 isoforms in
an in vivo setting, we have been able to assign a role for
TAp63 isoforms in the commitment to stratification. Further-
more, it is now well accepted that DNp63 isoforms are re-
quired for the maintenance of the proliferative potential of
basal keratinocytes. Although these two functions of p63 have
now been determined, it is likely that other roles of p63 in the
developing and mature epidermis will emerge. Future studies,
however, will require the development of mouse models that
allow the independent manipulation of different p63 isoforms.
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